Centrifugal spread of the prion agent to peripheral tissues is postulated to occur by axonal transport along nerve fibers. This study investigated the distribution of the pathological isoform of the protein (PrP Sc ) in the tongues and nasal cavities of hamsters following intracerebral inoculation of the HY strain of the transmissible mink encephalopathy (TME) agent. We report that PrP Sc deposition was found in the lamina propria, taste buds, and stratified squamous epithelium of fungiform papillae in the tongue, as well as in skeletal muscle cells. Using laser scanning confocal microscopy, PrP Sc was localized to nerve fibers in each of these structures in the tongue, neuroepithelial taste cells of the taste bud, and, possibly, epithelial cells. This PrP Sc distribution was consistent with a spread of HY TME agent along both somatosensory and gustatory cranial nerves to the tongue and suggests subsequent synaptic spread to taste cells and epithelial cells via peripheral synapses. In the nasal cavity, PrP Sc accumulation was found in the olfactory and vomeronasal epithelium, where its location was consistent with a distribution in cell bodies and apical dendrites of the sensory neurons. Prion spread to these sites is consistent with transport via the olfactory nerve fibers that descend from the olfactory bulb. Our data suggest that epithelial cells, neuroepithelial taste cells, or olfactory sensory neurons at chemosensory mucosal surfaces, which undergo normal turnover, infected with the prion agent could be shed and play a role in the horizontal transmission of animal prion diseases.
The lymphoreticular and nervous systems are pathways for prion agent replication and transport to the brain. Oral ingestion of the prion agent leads to deposition of the disease-specific isoform of the prion protein (PrP Sc ) in the alimentary and gutassociated lymphoid tissue as well as the enteric nervous system of sheep and cervids (1, 27, 54) . Spread of the prion agent to the spinal cord and brain stem occurs via transport by the sympathetic and parasympathetic divisions of the autonomic nervous system (6, 7, 34, 53) . Additional spread of the prion agent within the lymphoreticular system (LRS) leads to prion infection of secondary lymphoid organs throughout the host. The LRS has long been known to be a site of prion agent replication and a pathway to infection of the nervous system, but studies of experimental rodent models have established that LRS infection is not always required for neuroinvasion from peripheral sites (33, 43) . One study has demonstrated that prion infection of densely innervated peripheral tissues could result in direct prion neuroinvasion (4) .
The pathways involved in the centripetal spread of the prion agent following oral ingestion have been well defined, but less is known about centrifugal spread of the prion agent in pathogenesis. Dissemination of the prion agent from the brain and spinal cord to peripheral tissues is postulated to be due to anterograde transport of PrP Sc along nerve fibers. Studies investigating transport of the cellular prion protein (PrP C ) in central and peripheral axons demonstrate both anterograde and retrograde axonal transport (10, 38) ; a similar mechanism may explain PrP Sc transport in prion diseases. Evidence for centripetal and centrifugal transport of the Creutzfeldt-Jakob disease (CJD) agent along the optic nerve is provided by cases of iatrogenic CJD that have been linked to corneal transplants (16, 26) . In the recipient host the prion agent spreads from the transplanted cornea to the brain, while in the donor the host agent likely spreads centrifugally from the brain to the cornea. Demonstration of the prion agent in the retina (24, 50) , trigeminal ganglion (21, 52) , and facial nerve (12) in human or animal prion diseases also supports the hypothesis that the prion agent can spread away from the brain via several distinct cranial nerves, assuming that oral ingestion of the prion agent results in centripetal spread to the central nervous system in these hosts. In sheep with natural scrapie, the presence of PrP Sc in muscle spindles of the tongue (3) is suggestive of centrifugal spread of the scrapie agent along the trigeminal nerve to these sensory spindles. Previous studies of experimental prion infection of hamsters demonstrate spread of the prion agent to skeletal muscles in the tongue and other areas after oral and intracerebral inoculation (5, 49) . These findings support the hypothesis that the prion agent can undergo anterograde transport along the hypoglossal nerve to skeletal muscles in the tongue. This view is further supported by colocalization of PrP Sc to nerve fibers and the neuromuscular junction in the tongues of hamsters infected with the HY strain of the transmissible mink encephalopathy (TME) agent (39) , suggesting that the prion agent can spread across the neuromuscular junction in order to establish infection in muscle.
Transmission of animal prion diseases is by both vertical and horizontal routes, but the source(s) of prion infectivity in horizontal spread has not been firmly established. Vertical transmission of the scrapie agent in sheep has been postulated to be due to postpartum contamination with scrapie-infected placenta (2, 42) , but additional studies indicate a low level of prion infectivity in blood (29) , which may imply a role for in utero transmission of scrapie. Horizontal prion transmission in sheep and cervids is less likely to involve blood-borne routes, although prion-infected placental tissues or blood shed into pasture could account for environmental contamination. Studies investigating environmental sources of prion transmission in chronic wasting disease (CWD) indicate that paddocks contaminated by excreta from CWD-positive mule deer or decomposed carcasses of mule deer naturally infected with CWD can transmit CWD infection to sentinel deer (36) . The high prevalence of CWD (e.g., Ͼ15%) in areas of endemicity in Colorado and Wyoming and the high penetrance of CWD (ϳ90%) in cervid research stations suggest that this disease can be efficiently transmitted between susceptible hosts (35, 59) . To date, prion infectivity has not been described in saliva, nasal secretions, respiratory aerosols, urine, or feces in naturally occurring prion infections. However, prion excretion in urine has recently been demonstrated in studies using prion-infected transgenic mice with chronic lymphocytic inflammation of the kidney (47) . These findings indicate that superimposed disease processes may alter the sites of PrP Sc accumulation to tissues not previously known to harbor PrP Sc . In the current study we investigated the centrifugal spread of the prion agent to the oral and nasal mucosae of hamsters in order to examine potential sites of prion agent shedding from epithelial surfaces. Hamsters were intracerebrally inoculated with the HY TME agent, and the location of PrP Sc was investigated in the tongue and nasal cavity. Laser scanning confocal microscopy revealed that PrP Sc was found in nerve fibers, taste cells, and the stratified squamous epithelium in fungiform papillae of HY TME-infected hamsters. PrP Sc deposition was also identified in the olfactory and vomeronasal sensory epithelia, and its distribution was consistent with HY TME infection of sensory neurons. These findings indicate that the HY TME agent can undergo centrifugal spread to the oral and nasal mucosa via gustatory, somatosensory, or olfactory nerve fibers and subsequently spread to neuroepithelial or epithelial cells via peripheral synapses. This study suggests that horizontal prion transmission of scrapie and CWD could be linked to the continual turnover and/or shedding of prion-infected taste cells, epithelial cells, or olfactory sensory neurons into mucus or saliva.
MATERIALS AND METHODS
Animal inoculations and tissue collection. All procedures involving animals were approved by the Montana State University Animal Care and Use Committee and were in compliance with the Guide for the Care and Use of Laboratory Animals. Weanling Syrian golden hamsters (Charles River Laboratories, Boston, MA) were intracerebrally inoculated with 50 l of a brain homogenate from a normal hamster (i.e., mock infected) or a TME-infected hamster containing 10 7.8 intracerebral median lethal doses per milliliter of the HY TME agent as previously described (8, 9) . Following inoculation with the HY TME agent, hamsters were observed three times per week for the onset of clinical symptoms, which include hyperexcitability, head tremors, and ataxia. Animals were euthanized in the early stages of clinical disease. PrP Sc immunohistochemistry. For PrP Sc analysis, tongue, brain, and skulls containing the nasal cavity were collected and PrP Sc immunohistochemistry (IHC) was performed as previously described (5) . Briefly, animals were intracardially perfused with paraformaldehyde-lysine-periodate fixative followed by immersion fixation in the same fixative for 5 h, except skulls, which were immersion fixed for 24 h. Following immersion fixation, tongues were cut midsagittally for processing and embedding. The nasal cavity was cut into anterior, midturbinate, and posterior cross sections prior to embedding. All soft tissue was removed from the skulls, and they were immersed in a 10% EDTA-tetrasodium solution until they were decalcified. Following dehydration, tissues were embedded in paraffin and cut into 5-m-thick sections. Tissues from a minimum of three animals per group were analyzed. A minimum of 40 sections throughout the thickness of the tissue was examined per animal. All tissue sections were subjected to antigen retrieval by treatment with formic acid (99%, wt/vol) for 10 min, followed by 6 M guanidine thiocyanate for 10 min. Tissue sections were successively incubated with anti-PrP monoclonal 3F4 antibody (Table 1) overnight at 4°C, and then incubated with horse anti-mouse biotinylated secondary antibody (1:400; Vector Laboratories, Burlingame, CA) at room temperature for 30 min, followed by streptavidin-horseradish peroxidase (1:500; Biosource International, Camarillo, CA) at room temperature for 20 min. PrP Sc was visualized with 3-amino-9-ethylcarbazole in 50 mM sodium acetate with H 2 O 2 added to a final concentration of 0.012%. Tissue sections were mounted with Aquamount (Lerner Laboratories, Pittsburgh, PA) and placed under coverslips for viewing with a Nikon Eclipse E600 bright-field microscope. Controls for PrP Sc IHC included the use of mock-infected tissues and substitution of a murine immunoglobulin G (IgG) isotype control for the primary anti-PrP 3F4 monoclonal antibody.
PrP Sc dual immunofluorescence. PrP Sc immunofluorescence staining was combined with immunofluorescence for the cell-type-specific markers PGP 9.5, SNAP-25, ␣-gustducin, synaptobrevin-2, and cytokeratin (Table 1) . For the PrP Sc dual-immunofluorescence procedure, the streptavidin-horseradish peroxidase in the incubation step in PrP Sc IHC was replaced with Alexa Fluor 488 streptavidin conjugate (Molecular Probes, Portland, OR) at a 1:400 dilution. The rabbit polyclonal antibodies to cell-type-specific markers were visualized by incubation with goat anti-rabbit Alexa Fluor 568 antibody (1:200; Molecular Probes, Portland, OR). The nuclear counterstain ToPro-3 (Molecular Probes, Portland, OR) was applied to some tissue sections at a concentration of 0.25 M for 10 min. Controls for immunofluorescence included mock-infected tissues and replacement of the primary antibodies with an IgG isotype control. Tissue sections were placed under coverslips with Mowiol mounting medium (51) . Tissues from a minimum of three HY TME-infected animals and three mock-infected animals were examined. A minimum of 50 sections throughout the thickness of the tissue Confocal laser scanning microscopy. Images were visualized using a Zeiss LSM 510 Meta confocal system equipped with a Zeiss Plan-Apochromat 63ϫ, 1.40-NA oil objective. Double immunofluorescence was imaged after excitation of the Alexa Fluor 488 with an argon laser at a wavelength of 488 nm and excitation of Alexa Fluor 568 with a helium-neon laser at a wavelength of 543 nm. Images were scanned sequentially to minimize cross talk between channels, and each line was scanned four times and averaged to increase the signal-to-noise ratio. The pinhole aperture was adjusted so that each channel had an optical slice of 0.8 m. The channels could then be combined into a single image for quantitative analysis.
Deconvolution of confocal images. Deconvolution was performed using Huygens Essential software (version 2.7; Scientific Volume Imaging, Hilversum, The Netherlands). The point spread function of the Zeiss LSM 510 Meta confocal microscope was measured using images of fluorescent latex beads (diameter, 175 nm) captured at the same image parameters as the images for analysis. Multiple bead images were averaged, and this average was utilized as the point spread function for deconvolution. Using the cropping tool, the region of interest (e.g., taste bud, lamina propria, stratified squamous epithelium) within the image was chosen for deconvolution. A maximum likelihood estimation algorithm was applied to deconvolve the confocal images. Signal-to-noise ratio was determined as the maximum intensity over average background, which was estimated by the software for a three-dimensional region with the lowest average value in the image. For each dual-immunofluorescence experiment, a minimum of 10 image stacks from three hamsters that were captured at 0.25-m intervals through the z axis of the tissue were analyzed.
Colocalization analysis of confocal images. Deconvolved images were evaluated for colocalization using the Colocalization Analyzer tool of the Huygens Essential software, which provides information about the amount of spatial overlap between structures in different data channels. Colocalization coefficients were generated by the analyzer module, including the Manders overlap coefficient (MOC) and M1 and M2 coefficients. The MOC indicates the overlap of signals in image pairs and is insensitive to differences in signal intensities between two channels, photobleaching, or amplifier settings. It has a value range of 0 to 1, with a value of 0 indicating no colocalization and a value of 1 indicating that all pixels in both channels colocalize. An additional analysis was performed on HY TME-infected tissues by division of the MOC into two different subcoefficients, termed M1 and M2. These coefficients are calculated for pixel intensity ranges defined by an area of interest in the image and are insensitive to differences in signal intensities. The coefficient M1 is used to describe the contribution of channel 1 (i.e., cellular marker immunofluorescence) to the colocalized area, while M2 is used to describe the contribution of channel 2 (i.e., PrP Sc immunofluorescence) to the colocalized area.
Statistical analysis. The average MOCs of the confocal images generated from the HY TME-infected tissues were compared to the average MOCs of the images generated from mock-infected tissues to evaluate the probability (P value) that the colocalization observed in the experimental samples was greater than would be expected by chance. Statistical comparisons of MOCs were performed using Student's t test for data sets passing the normality test or the Mann-Whitney rank sum test for data sets failing the normality test on SigmaStat software (version 3.0; SYSTAT Software, Inc., Richmond, CA). A P value of Ͻ0.05 was considered to be statistically significant, and M2 values for HY TME were reported only when a statistical difference was found between results for mock-and HY TME-infected tissues.
RESULTS
To investigate the centrifugal spread of the prion agent to mucosal tissue, the cellular location of PrP Sc was examined in the tongues of hamsters that were intracerebrally (i.c.) inoculated with the HY TME agent. PrP Sc IHC in the tongues of clinically ill hamsters revealed PrP Sc deposition in three specific regions: fungiform papillae that are widely distributed on the dorsal surface of the rostral tongue, skeletal muscle cells, and nerve fibers (Fig. 1) . Eighty percent of the fungiform papillae (n ϭ 49) had evidence of PrP Sc deposits, and these were found in the lamina propria, taste bud, or stratified squamous epithelium (SSE). The majority of PrP Sc accumulation in the fungiform papillae was observed in the lamina propria, which contains sensory nerve fibers that innervate the taste cells and surrounding epithelium. PrP Sc immunostaining was identified in discrete nerve fascicles in the lamina propria directly beneath the taste bud, both in longitudinal and cross-sectional orientations. Punctate PrP Sc immunostaining was also present within the taste bud at both apical and basal locations (Fig. 1D ) and in the SSE that is located lateral and apical to the taste bud (Fig. 1B, arrowhead) . Ninety-one percent of taste buds (n ϭ 26) in fungiform papillae had evidence of PrP Sc deposition following i.c. inoculation with the HY TME agent. PrP Sc accumulation was rarely present in the stratum corneum, although punctate staining was often present at the apical portion of the stratum granulosum. A distinct morphological transition between the stratum corneum and stratum granulosum was not always apparent. Fungiform papillae that did not contain discernible taste buds also exhibited PrP Sc immunostaining in the lamina propria and SSE. However, no PrP Sc deposition was observed in the SSE of filiform papillae (data not shown), which are distributed over the entire dorsal surface of the tongue and do not contain taste buds. Other sites of PrP Sc deposition in the tongue parenchyma included nerve fascicles ( Fig. 1E ) and skeletal muscle cells (Fig. 1F) Sc immunostaining was observed in the tongues of mock-infected hamsters (Fig. 1C ) or in HY TME-infected tongue samples immunoreacted with mouse IgG control antibody (data not shown).
To investigate HY TME infection in the peripheral nerves of the hamster tongue, laser scanning confocal microscopy (LSCM) was used to determine the spatial relationship of PrP Sc and nerve fibers in fungiform papillae following i.c. inoculation of the HY TME agent. The fungiform papillae receive specialized sensory innervation from the chorda tympani branch of the facial nerve and somatosensory innervation from the lingual nerve, which is a branch of the mandibular division of the trigeminal nerve. Previous studies have demonstrated that chorda tympani fibers innervate taste buds, while the lingual fibers ascend to the SSE lateral to the taste buds in fungiform papillae of hamsters (58) . Immunofluorescence with anti-protein gene product 9.5 antibody (PGP 9.5) ( Table 1) showed extensive innervation of the fungiform papillae in the lamina propria, especially below the base of the taste bud, an area referred to as the subgemmal plexus ( Fig. 2A) . PGP 9.5 immunofluorescence was also found at basal and apical locations in the taste bud, indicating the presence of nerve fibers and type II or III taste cells, as these neuroepithelial cells are also PGP 9.5 immunopositive (64). PGP 9.5-immunopositive nerve fibers were observed ascending to the SSE lateral to the taste bud ( Fig. 2A) . PrP Sc immunofluorescence on the same tissue sections demonstrated PrP Sc deposition in similar regions of the fungiform papillae, especially in the taste bud (i.e., intragemmal) and in the subgemmal plexus, with smaller amounts of PrP Sc in the SSE (Fig. 2B) . Colocalization of PrP Sc and PGP 9.5 by LSCM revealed extensive areas of PrP Sc overlap with PGP 9.5 in the lamina propria, taste bud, and SSE, but there were also areas where no overlap of the two markers was observed (Fig. 2C) .
A quantitative analysis of PrP
Sc and PGP 9.5 colocalization in fungiform papillae was performed on confocal images of mock-infected and HY TME-infected tissues using Huygens software deconvolution and colocalization analysis. A comparison of MOCs between mock-infected and HY TME-infected tissues showed a difference between animal groups (P Ͻ 0.001, Mann-Whitney rank sum test) in colocalization of PrP Sc and PGP 9.5 in the lamina propria, taste bud, and SSE ( Table 2 ). The differences in colocalization between the mock-and HY TME-infected groups demonstrate that the overlap observed is not a random event, since PrP Sc is not found in mock-infected tissue. The M1 and M2 coefficients, which indicate the relative contributions of channel 1 (red; PGP 9.5) and channel 2 (green; PrP Sc ) fluorophores to the colocalized area, were also calculated for each region in the HY TME-infected group. The M2 colocalization coefficient is important to the current analysis since it represents the contribution of PrP Sc to the colocalized area. The M2 values for the lamina propria and SSE regions were 0.78 and 0.73, respectively (Table 2) . Thus, 78% and 73% of PrP Sc colocalized with PGP 9.5 in these tissue areas in HY TME-infected tongue. The taste bud region had an M2 value of 0.36, indicating that 36% of the PrP Sc seen in this region was contained in either nerve fibers, type II taste cells, or type III taste cells (Table 2 ). These studies revealed that the fungiform papillae are densely innervated and that the HY TME agent can spread to nerve fibers and/or neuroepithelial cells in the lamina propria, taste bud, or SSE following infection of the brain.
To determine the cellular location of PrP Sc in taste buds of fungiform papillae following i.c. inoculation of the HY TME agent, LSCM was performed using three taste-cell-specific markers: ␣-gustducin (type II taste cells), synaptobrevin-2 (type II and III taste cells), and SNAP-25 (type III taste cells) ( Table 1) . LSCM for PrP Sc and synaptobrevin-2 ( Fig. 3B ) revealed a difference (P ϭ 0.005, Student's t test) in MOCs between mock-infected and HY TME-infected hamsters in the taste bud region ( Table 2 ). The M2 coefficient in HY TMEinfected taste buds indicated that 52% of the PrP Sc located within the taste bud region overlapped with synaptobrevin-2-labeled cells. Colocalization of PrP Sc and ␣-gustducin, a marker for type II taste cells, did not reveal overlap by LSCM (Fig. 3A) or by MOC analysis (P ϭ 0.29, Mann-Whitney rank
FIG. 1. PrP
Sc deposition in tongue following intracerebral inoculation of the HY TME agent. PrP Sc immunohistochemistry in clinical HY TME-infected (B, D, E, and F) and asymptomatic mock-infected (C) hamsters is shown. PrP Sc (red punctate staining) deposits (B and D) were present in taste bud, lamina propria, stratified squamous epithelium, and nerve fibers in the fungiform papillae of clinically ill hamsters but not in tongues of mock-infected hamsters (C). In the tongue parenchyma, PrP
Sc deposits were present in nerve fascicles (E) and skeletal muscle (F). (Fig. 3C ) between mock-infected and HY TME-infected taste buds showed a difference in MOCs (P Ͻ 0.001, Student's t test) while the M2 coefficient in the taste bud region of HY TME-infected hamsters indicated that 44% of PrP Sc in the taste bud overlapped with this type III taste cell marker ( Table 2 ). The lack of PrP Sc colocalization with ␣-gustducin (type II taste cells) and the presence of colocalization with both synaptobrevin-2 (type II and III taste cells) and SNAP-25 (type III taste cells) suggested that PrP Sc was not found in type II taste cells but was present in type III taste cells. It should be noted that both synaptobrevin-2 and SNAP-25 are also found in some intragemmal nerve fibers (61, 62) , and PrP Sc colocalization with these markers could indicate a distribution in nerve fibers, which is consistent with PrP Sc colocalization with PGP 9.5 in the taste bud region (Fig. 2C and Table 2 ). There was no colocalization of PrP Sc and SNAP-25 in the lamina propria of fungiform papillae, an area that does not contain taste cells (Table 2 ). In summary, PrP Sc deposits in the taste bud colocalized with markers for type III taste cells but did not colocalize with markers for type II taste cells; this finding could be important with respect to prion agent spread if hamster type III taste cells synapse with gustatory nerve fibers, as has been reported in the taste cells of the rat (64) .
To investigate the cellular location of PrP Sc in the SSE of the hamster tongue following i.c. inoculation of the HY TME agent, LSCM was performed on tissue incubated with an antibody to cytokeratin, which is a marker for keratins that are present in the SSE and taste cells. Cytokeratin immunofluorescence revealed uniform staining of the stratum granulosum and stratum corneum; the signal extended from the edge of the lamina propria to the apical end of the papillae (Fig. 4A) . PrP Laser scanning confocal microscopy for PGP 9.5 and PrP Sc in the fungiform papillae of hamsters intracerebrally inoculated with the HY TME agent. Immunofluorescence images for PGP 9.5 (A, red) and PrP Sc (B, green) on the same tissue section were merged to illustrate areas of overlap (C, yellow). ToPro-3 (blue) was used as a nuclear counterstain. During the clinical phase of TME disease, colocalization of PGP 9.5 and PrP Sc was found in the taste bud and lamina propria, with a lesser amount in the stratified squamous epithelium. No PrP Sc immunofluorescence was found in the fungiform papillae of mock-infected hamsters following dual immunofluorescence for PGP 9. a Antibodies used in conjunction with anti-PrP monoclonal 3F4 antibody for confocal microscopy studies.
b Confocal images were cropped to either the lamina propria (LP), taste bud (TB), or stratified squamous epithelium (SSE) for colocalization analysis.
c Overlap coefficient after Manders Ϯ standard error of the mean, n ϭ 10. *, P Յ 0.005, using Student's t test or the Mann-Whitney rank sum test. A P value of Ͻ0.05 indicated a significant difference between the mock-and HY TMEinfected groups.
d Colocalization coefficient M2 indicates the percentage of PrP Sc that overlaps with the cell-type-specific marker in the region of analysis in HY TME-infected hamster tongue. NA, not applicable since there was no statistical difference between HY TME-and mock-infected groups.
colocalized with cytokeratin (Fig. 4C ). Deconvolution and statistical analysis indicated that the MOCs for cytokeratin and PrP Sc in mock-infected and HY TME-infected tongue samples were different (P Ͻ 0.001, Student's t test) ( Table 2) , and the M2 coefficient in the SSE of HY TME-infected hamsters indicated that 95% of the PrP Sc in the SSE overlapped with cytokeratin-positive cells. The colocalization analyzer tool of the Huygens Essential software allowed visualization of colocalized areas within the tissue following deconvolution. Regions within the image in which the degree of colocalization exceeded a threshold became objects, and these colocalized objects appeared yellow, while the noncolocalized areas appeared as shades of gray. Punctate yellow deposits were present in the apical region of the stratum granulosum of HY TME-infected fungiform papillae (Fig. 4D) . No colocalization of PrP Sc with SNAP-25 or synaptobrevin-2 was found in the SSE (Table 2) .
Our earlier results revealed that 73% of the PrP Sc located in the SSE of fungiform papillae was colocalized with PGP 9.5-positive nerve fibers (Fig. 2C and Table 2 ); therefore, it is difficult to reconcile our findings that 95% of PrP Sc in the SSE also colocalized with cytokeratin. Since cytokeratin immunofluorescence was uniformly distributed throughout the SSE (Fig. 4A ) and PGP 9.5 had a more focal pattern in the SSE ( Fig. 2A) , an additional colocalization experiment was performed in order to determine if LSCM could discriminate between nerve fibers and cytokeratin-positive cells in the SSE. LSCM was initially used to demonstrate that a monoclonal anti-PGP 9.5 antibody and a polyclonal anti-PGP 9.5 antibody labeled the same structures in the SSE (M2 ϭ 0.99; data not shown). LSCM for PGP 9.5 and cytokeratin in the SSE of fungiform papillae revealed that 99% of the PGP 9.5 colocalized with cytokeratin. This finding suggested that LSCM was unable to discriminate nerve fibers and epithelial cells in the SSE as distinct structures. Additional ultrastructural studies will be necessary to determine the spatial relationship of this PrP Sc population with epithelial cells in the SSE.
The centrifugal spread of the prion agent was also investigated in the nasal cavity of hamsters that were i.c. inoculated with the HY TME agent. At the clinical stage of disease, PrP Sc immunostaining was prominent in the olfactory sensory epithelium of the main nasal cavity, but was not found in the respiratory epithelium (Fig. 5A ). Olfactory and respiratory epithelia were distinguished based on their histological characteristics in hematoxylin-and-eosin-stained sections and the presence of PGP 9.5 immunostaining in the olfactory sensory epithelium but not the respiratory epithelium (data not shown). In the olfactory sensory epithelium, PrP Sc was found in the cell layers containing the olfactory sensory neurons and support cells. The PrP Sc deposition pattern in the nasal cavity appeared to be in the dendritic knobs of olfactory sensory neurons and, less frequently, within the dendrites between these nerve cell bodies and their dendritic terminals (Fig. 5A) . Within the nasal septum, PrP
Sc immunostaining was present in the vomeronasal organ, where it was found in the vomeronasal sensory epithelium but not in the nonsensory epithelium (Fig. 5B) . The PrP Sc deposition pattern in the vomeronasal sensory epithelium was remarkably similar to that in the olfactory sensory epithelium; the majority of the PrP Sc was located in the epithelial cell layer containing sensory neurons, as well as at the apical ends of the dendrites, which form microvilli at the mucosal surface. In Fig.  5B , PrP Sc immunostaining of the microvilli of vomeronasal sensory neurons was clearly demarcated from ciliated nonsensory epithelia, which do not exhibit PrP Sc immunostaining. PrP Sc deposition was also found in the olfactory bulbs of hamsters that were i.c. inoculated with the HY TME agent; however, PrP Sc immunostaining in the olfactory nerves in the nasal cavity was very infrequent (data not shown) compared to PrP Sc deposition in nerve fascicles in the tongue (Fig. 1E) . Mucosal epithelium in the main nasal cavity or vomeronasal organ from mock-infected hamsters did not exhibit PrP Sc -positive immunostaining (Fig. 5C) . Lastly, PrP Sc deposits were also found in the nasal-associated lymphoid tissue that has a subepithelial distribution in the nasal cavity (Fig. 5D) . 
DISCUSSION
In this study we demonstrate that PrP Sc accumulates in the taste buds of fungiform papillae in the tongue following intracerebral inoculation, which is consistent with spread of the HY TME agent from the brain stem to the tongue along sensory nerve fibers (Fig. 6 ). In the taste bud, during the clinical phase of disease, PrP Sc colocalized with SNAP-25, a marker for type III taste cells but did not localize with ␣-gustducin, a marker for type II taste cells. Taste buds in fungiform papillae are innervated by the chorda tympani branch of the facial nerve. These gustatory nerve fibers have been shown to synapse with type II and type III taste cells in murine tongue (18, 40) , while in the rat, only type III taste cells have been shown to synapse with sensory nerve fibers (64) . Our findings of PrP Sc accumulation in type III but not type II taste cells in hamsters would be consistent with the innervation pattern of the rat if HY TME infection of type III taste cells is dependent on synaptic contact with the chorda tympani nerve. Antibodies to markers for type I taste cells were not effective in the hamster tissue, so we could not determine the status of HY TME infection in these taste cells. Prion infection of taste buds has not been previously described, but a loss of taste and smell was reported to be a presenting symptom in a case of variant CreutzfeldtJakob disease, suggesting involvement of the gustatory and olfactory systems in prion-induced neurodegeneration (44) . In the brain stem, the rostral portion of the nucleus of the solitary tract (NST) is involved in gustatory function; this nucleus is a target for prion infection in scrapie in sheep (17, 31, 45) , CWD in deer (48) , and bovine spongiform encephalopathy in cattle (56, 57) . Based on our findings that HY TME agent infection in the brain stem can spread to taste buds via sensory nerves that synapse in this nucleus, it will be necessary to investigate whether the prion agent can also spread to the taste buds in ruminants.
HY TME infection at time of clinical disease was also found in nerve fibers throughout the tongue, including the lamina propria and SSE of fungiform papillae. In the lamina propria, LSCM analysis indicated that 78% of PrP Sc was located in nerve fibers, especially in the subgemmal plexus. This finding is consistent with the spread of the HY TME agent to taste cells along gustatory fibers of the tongue (Fig. 6 ). Prior studies have reported prion agent infection in nerve fibers in the lamina propria of fungiform papillae in experimental TME infection (39) and in the fungiform and circumvallate papillae in sheep with natural scrapie (14) , which is consistent with centrifugal spread via the chorda tympani branch of the facial nerve.
The current findings also demonstrated that 73% of PrP Sc deposition in the SSE of fungiform papillae was colocalized to nerve fibers that were located perigemmal to taste buds as well as extragemmal at the apical region of the SSE. This distribution of the HY TME agent is consistent with spread from the brain stem to the SSE via somatosensory fibers of the lingual branch of the mandibular division of the trigeminal nerve (Fig.  6 ). Prion infection of the trigeminal ganglion has been reported in sheep with scrapie (52), cattle with bovine spongiform encephalopathy (55) , and humans with vCJD (25) , which supports the hypothesis that centrifugal spread of the prion agent in the trigeminal nerve could lead to prion infection in somatosensory nerves of the SSE in humans or ruminants with prion disease. Colocalization of PrP Sc and cytokeratin revealed extensive overlap in the SSE of HY TME-infected hamsters. This was an unexpected finding, since prion infection of epithelial cells in vivo has not been described, although PrP C expression has FIG. 4 . Laser scanning confocal microscopy for PrP Sc and cytokeratin in fungiform papillae of hamsters intracerebrally inoculated with the HY TME agent. Immunofluorescence images (optical thickness, 0.8 m) for cytokeratin (A, red) and PrP Sc (B, green) were merged in order to investigate areas of overlap (C, yellow). Colocalization of PrP Sc and cytokeratin was found in the stratified squamous epithelium during the clinical phase of TME disease. Deconvolution and colocalization analysis of a z stack (i.e., a compiled stack of images acquired at 0.25-m intervals through the thickness of the tissue) through the area shown in panels A through C illustrates only areas of colocalization (yellow) between cytokeratin and PrP Sc (D). LP, lamina propria. Bar, 20 m.
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been documented in the tongues of sheep (37) as well as the squamous epithelium of the upper gastrointestinal tract and skin of bovines (41) . Although Ͼ95% of PrP Sc colocalized with the cytokeratin immunofluorescence signal in the SSE of HY TME-infected hamsters, these results should be cautiously interpreted for the following reasons. (i) Unlike PGP 9.5 immunofluorescence in the SSE, where well-defined nerve fibers were identified, cytokeratin immunofluorescence was uniformly distributed throughout the stratum granulosum and stratum corneum. This produced an immunofluorescence pattern in the SSE that was continuous from the edge of the lamina propria to the apical keratin layer, except for an absence of immunofluorescence in nuclei. (ii) Approximately three-quarters of PrP Sc colocalized with the PGP 9.5 immunofluorescence and with 95% of the cytokeratin immunofluorescence in the SSE. Although PrP Sc analysis with each of these cell markers was not performed on the same tissue section using LSCM, it is mathematically incongruous that such a high percentage of PrP Sc could be present in both of these structures in the SSE. (iii) LSCM for PGP 9.5 and cytokeratin revealed that 99% of PGP 9.5 immunofluorescence colocalized with cytokeratin in the SSE. For these reasons, our findings suggest that LSCM cannot discriminate immunofluorescence signals between nerve fibers and epithelial cells. Therefore, LSCM may not be able to spatially distinguish PrP Sc that is located in a nerve fiber from an epithelial cell when colocalization with cytokeratin is performed. Unlike the high M2 coefficient (0.95) for PrP Sc and cytokeratin in the SSE of HY TME-infected hamsters, 27% of the PrP Sc signal did not colocalize with PGP 9.5 in the SSE (M2 ϭ 0.73, Table 2 ). We interpret these findings to indicate that the majority of PrP Sc in the SSE was found in the well-defined nerve fibers, but a subpopulation of PrP Sc in the SSE does not colocalize with nerve fibers. Despite our results showing a high degree of colocalization of PrP Sc and cytokeratin by LSCM, even in ultrathin slices (0.05 m) (data not shown), confirmation of PrP Sc in epithelial cells will require additional studies. Prion infection in the nasal cavity has previously been described in sporadic CJD where PrP Sc deposition was reported in the central olfactory pathway (65) . This study demonstrated PrP Sc in the olfactory epithelium, including basal cells and cilia of olfactory neurons, as well as in the olfactory tract and bulb. Our findings of PrP Sc deposition in the olfactory sensory epithelium but not the respiratory epithelium of hamsters infected with the HY TME agent are similar to those described in sporadic CJD. However, in the current study there was a paucity of PrP Sc in the olfactory nerve, even though PrP Sc was present in the olfactory bulb of HY TME-infected hamsters. This was in contrast to the distribution of PrP Sc in nerve fibers of the tongue, where PrP Sc deposits were found in fibers of the lamina propria, taste bud, and SSE of fungiform papillae and in fibers of the tongue parenchyma. Centrifugal spread of the HY TME agent from the olfactory bulbs to the olfactory sensory neurons in the epithelium along the olfactory nerve may not result in detectable levels of PrP Sc accumulation, possibly due to lower levels of agent replication in the olfactory system compared to the gustatory system. Alternatively, olfactory receptor neurons undergo constant turnover and can be shortlived, which may preempt the buildup of PrP Sc in olfactory axons of the hamster. Additionally, in the current study we did not have evidence for colocalization of PrP Sc to cilia in the nasal cavity, but at the mucosa PrP Sc had a distribution pattern consistent with spread along dendrites to dendritic knobs of the olfactory sensory neurons. The other major site of PrP Sc deposition in the nasal cavities of HY TME-infected hamsters was the vomeronasal organ, specifically in the vomeronasal sensory epithelium. This distribution pattern is consistent with centrifugal spread of the HY TME agent from the olfactory bulb to the vomeronasal sensory neurons via the vomeronasal nerve. Although the respiratory and nonsensory epithelia in the nasal and vomeronasal organ mucosa, respectively, receive somatosensory innervation from the trigeminal nerve, centrifugal spread along this pathway does not appear to result in PrP Sc deposition at these mucosal surfaces. Additionally, it has been reported that homogenates of nasal mucosa from sheep and goats experimentally inoculated with scrapie also contain prion infectivity (22, 23) .
Our findings indicate that HY TME infection in the brain can undergo centrifugal spread along cranial nerves to the oral and nasal mucosa. HY TME infection of taste buds is consistent with transganglionic transport in the chorda tympani and synaptic spread to neuroepithelial taste cells, while transganglionic spread via the lingual nerve resulted in HY TME infection of somatosensory nerve fibers in the SSE of fungiform papillae. This latter pathway may have resulted in prion spread to epithelial cells in the SSE (Fig. 6) . Similarly, HY TME infection of olfactory or vomeronasal sensory neuron cell bodies in the olfactory epithelium is consistent with retrograde spread to the neurons from the terminals located in the main or accessory olfactory bulbs, respectively. The prominent PrP Sc deposition at the mucosal edge of the sensory epithelium is consistent with HY TME agent spread to the dendritic knobs of the olfactory sensory neurons. Since taste cells (15, 20) , FIG. 6 . Model for centrifugal spread of the HY TME agent from the brain stem to the tongue. The deposition of PrP Sc in taste cells and the stratified squamous epithelium following intracerebral inoculation with the HY TME agent is consistent with centrifugal spread from the brain stem to the tongue via the chorda tympani branch of the facial nerve (CN VII) and the lingual branch of the mandibular division of the trigeminal nerve (CN V), respectively. The cell bodies for these two cranial nerves are located in the geniculate ganglion (GN) and the trigeminal ganglion (TGG), respectively. The central processes of the axons that convey taste information (i.e., in CN VII) terminate in the NST. The central processes of the axons that convey the general sensory information (i.e., in CN V) from the epithelium and muscles terminate in the principal and spinal trigeminal nucleus (V). Centrifugal spread of the HY TME agent to the tongue along these cranial nerves would likely require prion agent infection of NST or V nucleus and subsequent transsynaptic spread to nerve terminals in CN V and CN VII. The inset diagram illustrates a taste bud within the stratified squamous epithelium of a fungiform papilla. CN VII innervates a subset of taste cells within the taste bud, while branches of CN V ascend apically in the stratified squamous epithelium of the fungiform papilla. In addition, HY TME agent deposition in skeletal muscle cells is consistent with infection of motor neurons in the hypoglossal nucleus (XII) and retrograde transport within the hypoglossal nerve (CN XII). HY TME infection of either skeletal muscle cells or taste cells could be due to transsynaptic spread from CN XII or CN VII, respectively. epithelial cells (28) , and olfactory sensory neurons (13, 19) undergo continuous renewal and turnover, prion infection of the oral and nasal mucosae of ruminants could play a role in the shedding of these prion-infected cells in mucus and saliva. In this scenario, horizontal prion transmission could be enhanced by the exchange of these bodily fluids via grazing, grooming, and mating behaviors, as well as in the later stages of CWD infection when hypersalivation is a clinical manifestation. A single attempt to detect prion infectivity in the saliva of a scrapie-infected goat was unsuccessful despite the presence of infectivity in the salivary gland. Recent improvements in bioassays and immunoassays for the prion agent have become available since this study was published over 30 years ago (22) .
